Rejoining of ionizing radiation (IR) induced DNA DSBs usually follows biphasic kinetics with a fast (t 50 : 5 ± 30 min) component attributed to DNA-PK-dependent non-homologous endjoining (NHEJ) and a slow (t 50 : 1 ± 20 h), as of yet uncharacterized, component. To examine whether homologous recombination (HR) contributes to DNA DSB rejoining, a systematic genetic study was undertaken using the hyper-recombinogenic DT40 chicken cell line and a series of mutants defective in HR. We show that DT40 cells rejoin IR-induced DNA DSBs with half times of 13 min and 4.5 h and contributions by the fast (78%) and the slow (22%) components similar to those of other vertebrate cells with 1000-fold lower levels of HR. We also show that deletion of RAD51B, RAD52 and RAD54 leaves unchanged the rejoining half times and the contribution of the slow component, as does also a conditional knock out mutant of RAD51. A signi®cant reduction (to 37%) in the contribution of the fast component is observed in Ku70 7/7 DT40 cells, but the slow component, operating with a half time of 18.4 h, is still able to rejoin the majority (63%) of DSBs. A double mutant Ku70
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/RAD54 7/7 shows similar half times to Ku70 7/7 cells. Thus, variations in HR by several orders of magnitude leave unchanged the kinetics of rejoining of DNA DSBs, and fail to modify the contribution of the slow component in a way compatible with a dependence on HR. We propose that, in contrast to yeast, cells of vertebrates are`hard-wired' in the utilization of NHEJIntroduction Double-strand breaks (DSB) are induced in the DNA after exposure to exogenous agents such as ionizing radiation (IR) and certain chemicals. DNA DSBs also arise endogenously by the action of endonucleases, as byproducts of the cellular metabolism, or during DNA replication (Haber, 1999; Kogoma, 1996; Rothstein et al., 2000) . Eukaryotic cells have developed ecient mechanisms to repair DNA DSBs and are normally able to remove a considerable number from their genome (Frankenberg-Schwager, 1990; Iliakis, 1991; Ward, 1985) . Reproductive cell death is thought to ensue when DSBs remain unrepaired, or when they are misrepaired. Indeed, there is evidence in yeast that one unrepaired DNA DSB constitutes a lethal event (Game, 1993; Ho, 1975; Resnick, 1976) .
The kinetics of DNA DSB rejoining, as measured by dierent assays, indicates the presence of two components operating with dierent kinetics (Dikomey and Franzke, 1986; Iliakis, 1991) . Depending on cell origin, the fast component proceeds with half times (t 50 ) between 5 and 30 min and removes 60 ± 80% of the DNA DSBs, whereas the slow component operates with half times between 1 and 20 h and removes most of the remaining breaks from the genome (DiBiase et al., 2000; Iliakis, 1991) . The signi®cance of these two components in the rejoining of DNA DSBs has remained elusive for several years, and is only now beginning to be elucidated.
In principle, DSBs may be removed from the genome of eukaryotic cells by two fundamentally dierent processes: homologous recombination repair (HRR) and non-homologous end-joining (NHEJ). HRR utilizes extensive homology to faithfully restore the DNA sequence around the DSB either by gene conversion or, less frequently, by the non-conservative process of single-strand annealing Haber, 1992; Kanaar et al., 1998; Petes et al., 1991; Petrini et al., 1997; Resnick, 1976; Shinohara and Ogawa, 1995; Szostak et al., 1983; Thacker, 1999; Thompson and Schild, 1999) . NHEJ directly rejoins the two ends of the DNA molecule at the site of the DNA DSB without any requirement for homologous DNA sequences, and without necessarily restoring the sequence around the DSB (Jackson and Jeggo, 1995; Jeggo, 1998; Lieber et al., 1997; Weaver, 1996) . There are striking similarities in the molecular mechanism of HRR and NHEJ between higher and lower eukaryotes, and several homologues of the RAD52 epistasis group of genes have been cloned in mammalian cells and shown to have biochemical functions similar to those determined in yeast Kanaar et al., 1998; Petrini et al., 1997; Shinohara and Ogawa, 1995; Thacker, 1999; Thompson and Schild, 1999) . Also, genes implicated in NHEJ in mammalian cells such as KU, and DNA ligase IV have been found in yeast and shown to function similarly Jackson, 1996a,b, 1998; Grawunder et al., 1998a,b; Siede et al., 1996; Teo and Jackson, 1997) . Thus, eukaryotes, from yeast to humans, appear well equipped to carry out both HRR and NHEJ.
Given the level of conservation of the participating genes and the similarities in the molecular mechanisms involved in higher and lower eukaryotes, one would also expect similar contributions from HRR and NHEJ to DNA DSB repair, and as a result to the survival of irradiated cells. However, genetic studies provide evidence for signi®cant dierences in the degree of utilization of HRR and NHEJ between yeast and vertebrates.
In yeast, mutations in genes of the RAD52 epistasis group and in particular RAD51, RAD52 and RAD54 lead to large increases in cell radiosensitivity to killing (Game, 1993; Petes et al., 1991) , and to a complete halt of DNA DSB rejoining (Contopoulou et al., 1987; Frankenberg-Schwager, 1990; Ho, 1975) , indicating the dominance of HRR and only a marginal contribution by NHEJ (Boulton and Jackson, 1996a,b; Siede et al., 1996) . In higher eukaryotes, on the other hand, mutations in genes involved in NHEJ such as KU70, KU80, DNA-PKcs, and DNA ligase IV, increase cell radiosensitivity to killing and compromise rejoining of IR-induced DNA DSBs (Jackson and Jeggo, 1995; Jeggo, 1998; Lieber et al., 1997; Riballo et al., 1999; Takata et al., 1998; Weaver, 1996) suggesting a signi®cant involvement of NHEJ. Analysis of the kinetics of DNA DSB rejoining in these mutants suggests that NHEJ is represented by the fast component of rejoining (Badie et al., 1995; DiBiase et al., 2000; Iliakis et al., 1992; Kemp et al., 1984; Nevaldine et al., 1997; Okayasu and Iliakis 1993; Ouyang et al., 1997; Wachsberger et al., 1999) . Recent studies suggest that some of these mutants are still capable of rejoining the majority of DSBs utilizing the slow component, which now becomes dominant and well de®ned (DiBiase et al., 2000; Nevaldine et al., 1997) .
Evidence also accumulates for a role of HRR in cell radiosensitivity to killing, but the exact role of this process in cells of vertebrates is not known and appears dierent from yeast. Thus, disruption of RAD52 confers no signi®cant increase in radiosensitivity to killing (Rijkers et al., 1998; , although HR as measured by gene targeting is markedly reduced. Disruption of RAD54 causes a reduction in HR that is accompanied by a modest increase in cell radiosensitivity to killing, mainly expressed during S phase (Bezzubova et al., 1997; Essers et al., 1997; Takata et al., 1998) . Disruption of RAD51 is lethal in vertebrate cells (Lim and Hasty, 1996; Sonoda et al., 1998; Tsuzuki et al., 1996) , but mutations in other genes of the RAD51 family such as XRCC2 or XRCC3 render cells signi®cantly more radiosensitive, again especially during S phase (Cheong et al., 1994; Liu et al., 1998; Thacker, 1999; Thompson and Schild, 1999) . A severe defect has also been documented in XRCC2, XRCC3 and RAD54 mutants of vertebrates in the repair of a site-speci®c I-SceIinduced DSB located in a repeated DNA sequence (Dronkert et al., 2000; Johnson et al., 1999; Pierce et al., 1999) , thus con®rming a de®ciency in HR and suggesting a defect in DNA DSB repair.
Although the above observations predict a role for HR in the repair of DNA DSBs, possibly through the slow component of rejoining (Weibezahn and Coquerelle, 1981) , studies directly evaluating removal of random DSBs have not been reported for the majority of the available mutants. As a result, the role of HRR in the removal of DNA DSB from the genome remains unde®ned and is actually questioned by early studies showing normal rejoining in XRCC2 and XRCC3 mutants (Cheong et al., 1992; Fuller and Painter, 1988; Jones et al., 1990; Thacker and Ganesh, 1990) .
Because determination of the contribution of HRR to the removal of DSBs from the genome of cells of vertebrates is of particular importance to our understanding of cell radiosensitivity to killing and genomic stability, we used a genetic approach to systematically evaluate the role of genes implicated in HR in the rejoining of IR-induced DNA DSBs as measured by pulsed-®eld gel electrophoresis. As a model in our experiments we used the DT40 cell system. DT40 is a chicken B cell line that relies on gene conversion to generate immunoglobulin diversity (Bezzubova and Buerstedde, 1994) and has therefore 1000-fold upregulated levels of HRR (Buerstedde and Takeda, 1991) . This increase in HRR allows the generation of mutants by gene targeting with ease comparable to that of yeast and an evaluation of the role of HRR in DNA DSB rejoining. Although we have recently reported on various aspects of the radiation response for several DT40 mutants generated by targeted disruption of homologues of the RAD52 family of genes (Bezzubova et al., 1993; Sonoda et al., 1998; Takata et al., 1998 Takata et al., , 2000 Yamaguchi-Iwai et al., 1998) , studies on DNA DSBs rejoining have not been reported to date.
Here, we show that, despite the increased capacity to carry out HR, DT40 cells rejoin IR-induced DNA DSBs with eciency and kinetics similar to those of other mammalian cells with low levels of HR. We further show that the ability of DT40 cells to carry out DNA DSB rejoining remains unaected in the absence of Rad51, Rad51B, Rad52, and Rad54, and is only modestly aected in a double mutant lacking Ku70 and Rad54 when compared to the one only lacking Ku70. These results suggest that in cells of higher eukaryotes, HRR is not measurably contributing to the removal of IR-induced DSBs from the genome even under conditions where NHEJ is compromised, and that the slow component of rejoining is unlikely to re¯ect HRR.
Results
The kinetics of DNA DSB rejoining is in DT40 cells similar to that of other vertebrate cells
We have previously shown that in DNA-PKcs de®cient cells rejoining of IR-induced DNA DSBs is predominantly carried out by the slow component (DiBiase et al., 2000) . The nature of the slow component is not known, but it has been speculated that it re¯ects repair of DNA DSBs by HRR (Weibezahn and Coquerelle, 1981) . Although this hypothesis is compatible with the slow kinetics expected for HRR (Frankenberg-Schwager, 1989; Friedberg et al., 1995) , it is incompatible with the error-prone nature of the slow component (Loebrich et al., 1995) , and the lack of defects in DNA DSB rejoining in XRCC2 and XRCC3 mutants (Cheong et al., 1992; Thacker and Ganesh, 1990; Thompson and Schild, 1999) . We introduced, therefore, DT40 cells to systematically evaluate the contribution of HRR in DNA DSB rejoining. We reasoned that if HRR contributes to the removal of DSBs from the genome of irradiated cells through the slow component of rejoining, and if it actually shares the burden, or as biochemical studies suggest, even competes with NHEJ (Benson et al., 1998) , a substantially increased contribution from the slow component would be expected in DT40 cells.
The top panel in Figure 1 shows a typical AFIGE gel for samples exposed to dierent doses of IR, whereas the insert in the lower panel the quantitation of results obtained in three independent experiments. The increase in FAR is initially linear with dose but bends downwards above 30 Gy. Because DSBs are induced linearly with IR dose (Frankenberg-Schwager, 1989; Iliakis, 1991) , this bending, which re¯ects a change in the sensitivity of the assay, must be considered in the quantitative analysis of the repair data (Wachsberger et al., 1999) .
Rejoining of IR-induced DNA DSBs in DT40 cells exposed to 80 Gy is shown in the lower gel and a quantitative analysis of FAR versus time (®lled circles) in the lower panel of Figure 1 . Results obtained with non-irradiated cells at dierent times during the repair period are also included in the ®gure. For an accurate evaluation of the kinetics of rejoining, it was necessary to correct for the non-linear dose-response. Therefore, the`dose-equivalent' of damage remaining (Deq) was plotted as a function of time in Figure 1 (open circles). Deq values were estimated for each FAR value using the dose response curve. The dotted lines in the dose response demonstrate how a Deq of 60 Gy is estimated from a FAR value of 50%.
To reduce complications due to the inception of apoptosis in irradiated DT40 cells and to avoid drawing conclusions based only on apoptosis-resistant sub-populations, the non-speci®c caspase inhibitor III (Boc-D-FMK) (D'Mello et al., 1998) was used in the experiments described above at a concentration of 100 mM. The similarity in the kinetics of DNA DSB rejoining between cells incubated in the presence (open circles) or absence (open squares) of the inhibitor suggest no secondary eects on this endpoint. This result was con®rmed with other mutants, as well as with apoptosis-resistant cells from dierent origins (not shown) and indicates that inhibition of apoptosis does not in¯uence in any measurable way DNA DSB rejoining.
The results of the above experiments were ®tted to the sum of two exponential functions with the repair half-times constrained to 13 min and 4.5 h for the fast and the slow components of rejoining, respectively, and the line drawn through the data points (open circles only) represents this ®tting. To estimate these half times, results obtained with all cell lines were considered. Use of constrains facilitates comparisons between the dierent mutants and is compatible with the data, as evidenced by the quality of ®tting. From this ®tting it is estimated that 78% of the DNA DSBs are removed by the fast component and 22% by the slow component of rejoining (Table 1) . These values are similar to those obtained with cells of human or rodent origin (DiBiase et al., 2000; Metzger and Iliakis, 1991) , and indicate that despite the 1000-fold increase in HR, DT40 cells remove DNA DSBs from their genome with a similar relative distribution between the fast and the slow component.
To obtain an estimate of the contribution of DNA-PK-dependent NHEJ to the removal of DSBs from the genome of DT40 cells, we allowed cells to repair in the presence of 20 mM wortmannin. The open triangles in Figure 1 show the results obtained as Deq versus time. Fitting of the results using the constraints described above estimates that 37 and 63% of the DNA DSBs are rejoined with fast and slow kinetics, respectively (Table 1) . Thus, similar to MO59-J cells (DiBiase et al., 2000) , inactivation of DNA-PKcs by wortmannin increases from 22 to 63% the proportion of DNA DSBs rejoined with slow kinetics, but has no signi®cant impact on the repair half times. These observations further question a direct role of HRR in the slow component of rejoining. To further evaluate this possibility we investigated DNA DSB rejoining in DT40 mutants generated by targeted disruption of genes involved in HRR.
DT40 cells deficient in genes of the RAD52 family are proficient in the rejoining of IR-induced DNA DSBs
Disruption of RAD51 is lethal in vertebrates (Lim and Hasty, 1996; Sonoda et al., 1998; Tsuzuki et al., 1996; Vainio and Imhof, 1995) . To overcome the problem of lethality in the DT40 cell system, conditional knockouts were generated (designated as RAD51 7 when grown in the presence of tetracycline) . These cells are RAD51 7/7 for the chicken gene but are viable due to the expression of the HsRad51. Since HsRAD51 is under the control of a tet repressible promoter, its expression can be suppressed by incubating cells in the presence of tetracycline, thus generating the RAD51 7 condition. Figure 2a shows the levels of HsRad51 as a function of the incubation time with tetracycline and indicates that barely detectable levels are reached after 12 ± 24 h. In contrast to Rad51, the levels Ku70 expression remained practically unchanged in the same samples. Figure 2b , shows induction and rejoining of DNA DSBs in RAD51 7 cells irradiated 12 h after incubation with tetracycline. As with wildtype DT40 cells, the dose response curve (insert) is shown together with the repair kinetics (shown either as FAR or Deq versus time). Fitting of the corrected (Deq) data to the sum of two exponentials with the repair half times constrained to 13 min and 4.5 h for the fast and the slow component, respectively, gives the line drawn through the data points, and the estimate of 76 and 24% for DNA DSBs rejoined with fast and slow kinetics, respectively. These values are very similar to those obtained with wild-type DT40 cells ( Table 1 ) and indicate that despite their severe phenotypes in other endpoints , RAD51
7 cells are pro®cient in DNA DSB rejoining.
The surprising observation that Rad51 de®ciency is not accompanied by a measurable defect in DNA DSB rejoining prompted the examination of additional DT40 mutants with defects in genes implicated in HR. The Figure 1 Induction and rejoining of IR-induced DNA DSBs in exponentially growing wild-type DT40 cells. For the induction experiments cells were embedded in agarose blocks and exposed to various doses of X-rays while kept on ice. The amount of DNA DSBs present was measured by AFIGE and is expressed as FAR. The upper panel shows a typical gel with samples exposed to dierent doses of radiation in the range between 0 and 90 Gy. The insert in the lower panel shows the results obtained by quantitating gels from three experiments. Plotted are the mean and the standard error. The value of FAR measured in nonirradiated cells was between 2 ± 6% and has been subtracted from the results shown. For the repair experiments, cells were exposed to 80 Gy and incubated for repair at 378C, as described in Extensive apoptosis was observed in these samples, but the low molecular weight of the degraded DNA allowed evaluation of radiation-related FAR early during repair and after 2 h complete set of RecA relatives in yeast includes Rad51, Rad55, Rad57, and Dmc1 (Aboussekhra et al., 1992; Basile et al., 1992; Bishop et al., 1992; Lovett, 1994; Shinohara et al., 1993) . The Rad51 protein family in higher eukaryotes includes, so far, seven members, Rad51, Rad51B, Rad51C, Rad51D, Dmc1, XRCC2, and XRCC3 (reviewed in Thacker, 1999; Thompson and Schild, 1999) . The RAD51B gene is implicated in (Schoenmakers et al., 1999) , and is induced by ultraviolet light and IR suggesting an involvement in DNA damage response (Peng et al., 1998; Rice et al., 1997) . Analysis of RAD51B 7/7 DT40 cells indicates mild radiosensitivity to IR and suggests distinct roles from the RAD51 gene and other genes of the RAD52 epistasis group of genes (Takata et al., 2000) . Therefore, we investigated the role of RAD51B in DNA DSB rejoining, and Figure 2c shows the results obtained. It is evident that RAD51B 7/7 cells rejoin eciently DNA DSBs. Fitting the corrected data to the sum of two exponentials using the constraints described above results in the line drawn through the data points, and estimates that 88% of DNA DSBs are rejoined with fast, and 12% with slow kinetics. These values are similar to those obtained with wild-type DT40 cells indicating that disruption of RAD51B has no measurable eect on the contribution of the slow component.
We investigated next the potential role of RAD52 in the rejoining of IR-induced DNA DSBs. Rad52 mutants in S. cerevisiae are extremely radiosensitive to killing (Game, 1993; Petes et al., 1991) , and show defects in DNA DSB repair either by gene conversion (Shinohara et al., 1992) , or single-strand annealing (Ivanov et al., 1996) . Although both yeast and human Rad52 interact with Rad51 during recombination (Benson et al., 1998; Mortensen et al., 1996; New et al., 1998; Shinohara et al., 1992 Shinohara et al., , 1993 Shinohara and Ogawa, 1998; Sung, 1997) suggesting similar functions, RAD52
7/7 DT40 mutants show no hypersensitivity to killing by IR . Figure 2d shows induction and rejoining of IRinduced DNA DSBs in RAD52 7/7 DT40 cells. It is evident that RAD52 7/7 cells eciently rejoin DNA DSBs. Fitting the corrected data as described above results in the line drawn through the data points, and estimates that 72% of DNA DSBs are rejoined with fast, and 18% with slow kinetics (Table 1) . These values are identical to those obtained with wild-type DT40 cells and indicate that disruption of RAD52 has no measurable eect on the rejoining of IR-induced DNA DSBs.
Because in vertebrates deletion of RAD54 renders cells radiosensitive to killing (Bezzubova et al., 1997; Essers et al., 1997 Essers et al., , 2000 Takata et al., 1998) , we investigated next its role in DNA DSBs rejoining. In yeast RAD54 mutants possess similar phenotypes to those of RAD51 or RAD52 mutants (Game, 1993; Petes et al., 1991; Shinohara and Ogawa, 1995) , are radiosensitive to killing and defective in DNA DSB repair (Game, 1993; Petes et al., 1991; Shinohara and Ogawa, 1995) . Figure 2e shows DNA DSB rejoining in RAD54 7/7 DT40 cells . It is evident from the rapid decrease in FAR as a function of time that RAD54 7/7 cells eciently rejoin DNA DSBs. Fitting the corrected (Deq) data as described above results in the line drawn through the data points, and estimates that 79% of DNA DSBs are rejoined with fast, and 21% with slow kinetics (Table 1) . These values are very similar to those obtained with wild-type DT40 cells and indicate that also disruption of RAD54 has no measurable eect on the rejoining of IRinduced DNA DSBs.
Rejoining of IR-induced DNA DSBs in DT40 mutants with defects both in HRR and NHEJ
The above results suggest that HRR plays an undetectable role in DNA DSB rejoining. However, one could also argue that actual defects are masked by an overly active and extremely fast NHEJ apparatus that is capable of eciently removing DSBs from the 
/Ku70
7/7 after exposure to IR. Other details as in Figure 1 Oncogene DSB rejoining in HRR deficient cells H Wang et al genome, thus limiting the consequences of defects in HRR. To examine this possibility we compared rejoining of DNA DSBs in DT40 mutants de®cient in KU70 , and compared the results to those obtained with a double knock-out for KU70 and RAD54 . We reasoned that if HRR contributes to the removal of DSBs, this contribution might be better evaluated under conditions compromising NHEJ. A similar approach in S. cerevisiae showed that a contribution of NHEJ to cell radiosensitivity can only be established on a RAD52 de®cient genetic background that compromises HR (Boulton and Jackson, 1996a,b; Siede et al., 1996) .
We ®rst evaluated the eect of KU70 disruption on DNA DSB rejoining in DT40 cells. It is well established that Ku de®cient cells show increased radiosensitivity to killing, particularly in the G1 phase , and that mutations in any of the Ku subunits, or in DNA-PKcs are associated with defects in the rejoining of IR-induced DNA DSBs (Dynan and Yoo, 1998; Hendrickson et al., 1991; Jeggo, 1998; Lieber et al., 1997; Smith and Jackson, 1999; Weaver, 1995) . In agreement with these observations KU70 7/7 DT40 cells show a de®ciency in DNA DSB rejoining (Figure 3a) . Fitting of the corrected data (Deq) was achieved using half times of 13 min and 18.4 h for the fast and slow components of rejoining, respectively. This ®tting gave the curve drawn through the data points and allowed to estimate that 37% of DNA DSBs are rejoined with fast, and 63% with slow kinetics (Table 1) . This is similar to the corresponding values obtained with wild-type cells exposed to wortmannin (Figure 1 , and Table 1 ). Thus, similar to DNA-PK inactivation, disruption of KU70 in DT40 cells decreases the proportion of breaks removed by the fast component from 78 to 37%, but in addition it increases the half time of the slow component from 4.5 to 18.4 h. Prolonged incubation (up to 24 h) of KU70 7/7 cells reduced FAR to near background levels, suggesting rejoining of the majority of IR-induced DNA DSBs (results not shown). This result is in line with earlier observations in DNA-PKcs de®cient cells (DiBiase et al., 2000) . Figure 3b shows results on DNA DSB rejoining obtained with a double mutant of DT40 cells generated by targeted disruption of both KU70 and RAD54 (KU70
) . The double mutant has been shown to be more radiation sensitive than each individual mutant, suggesting that both HRR and NHEJ contribute to the survival of IR-exposed DT40 cells . However, the results obtained on DNA DSB rejoining indicate an overall response similar to that of KU70 7/7 cells. Fitting of the corrected data (Deq) with the half times of 13 min and 18.4 h, generates the curve drawn through the symbols. From this ®tting it is estimated that 24% of DNA DSBs are rejoined with fast, and 76% with slow kinetics (Table 1) . Thus, disruption of RAD54 on a KU70 7/7 background does not signi®cantly aect the half times of rejoining, but decreases slightly the proportion of breaks removed with fast kinetics.
All experiments described above were conducted at supra-lethal doses of IR (80 Gy). To investigate whether the same type of response is also seen at doses in the range used for cell survival determinations (0 ± 20 Gy) . These results indicate unaltered rejoining of DNA DSBs by a RAD54 7/7 mutant in a NHEJ de®cient background and suggest that the modest reduction in the contribution of the fast component in the double mutant after exposure to 80 Gy is due to secondary eects, rather than a diminished contribution of HRR to the fast component of rejoining. It is dicult to reconcile HRR with fast rejoining kinetics, although an auxiliary role of HR to NHEJ cannot be ruled out.
Discussion
The slow component of DNA DSB rejoining is unlikely to reflect rejoining by HRR Several methods have been developed to assay induction and rejoining of DNA DSBs in the genome , and KU70 7/7 / RAD54 7/7 mutants after exposure to 20 Gy. Cells were exposed to radiation in the exponential phase of growth. Due to the relatively low FAR values reached at this radiation dose, a correction by Deq calculation was not necessary and ®tting was not attempted of vertebrate cells. The most commonly used assays include pulsed-®eld gel electrophoresis, neutral sucrose gradient centrifugation, and non-denaturing DNA ®lter elution (Iliakis, 1991) . All these techniques measure, directly or indirectly, changes in the size of the DNA molecules and allow estimates of the number of DNA DSB present. Pulsed-®eld gel electrophoresis is the most recently developed technology and has been used to generate valuable data both in higher as well as in lower eukaryotes (see Introduction). When used to assay the removal of DNA DSBs from the genome, this technique probes for those repair steps that lead to size restoration without reference to the accuracy of process; i.e. it is not certain that the DNA sequence around the lesion has been faithfully restored. It is therefore more appropriate to refer to DNA DSB rejoining as the process assayed and this convention is followed here.
Three independent observations in the experiments described above suggest a marginal, at best, contribution of HRR to the removal of IR-induced DNA DSBs from the genome of vertebrate cells and therefore, to the slow component of rejoining. First, rejoining of DNA DSBs proceeds in DT40 cells with kinetics and overall characteristics similar to those of cells of human or rodent origin, despite the 1000-fold increase in their potential for HR (Buerstedde and Takeda, 1991) . Second, rejoining of DNA DSBs occurs with wild-type kinetics in mutants generated by targeted disruption of genes critical for HR such as RAD51, RAD51B, RAD52 and RAD54, and despite the fact that gene targeting eciency in these mutants is signi®cantly reduced Takata et al., , 2000 Yamaguchi-Iwai et al., 1998 , suggesting that even on a genetic background that compromises NHEJ , disruption of an HR gene leaves practically unchanged fundamental characteristics of DNA DSB rejoining, such as repair half times.
If HRR is not contributing to the slow component of DNA DSB rejoining, the question arises as to what process underlies this form of rejoining. The errorprone nature of the slow component of DNA DSB rejoining (Evans et al., 1996; Loebrich et al., 1995) is compatible with it being another form of NHEJ. Rejoining of IR-induced DNA DSBs in vertebrate cells by the action of two forms of NHEJ operating with dierent kinetics has a parallel in yeast, where DNA DSB rejoining is carried out by HRR processes operating with dierent kinetics (Frankenburg-Schwager et al., 1994) . Regarding the nature of the two forms of NHEJ operating in vertebrate cells, a model was proposed suggesting that the fast form is a version of the slow form accelerated by over an order of magnitude by DNA-PKcs through its regulatory and structural functions (DiBiase et al., 2000) . It is notable that the fast and slow forms of NHEJ complement each other and whenever the fast form is compromised, either through genetic manipulations or by inhibitors such as wortmannin, the slow form takes over and removes the majority of breaks from the genome.
The lack of a detectable role for HR in the repair of IR-induced DNA DSBs is in apparent contradiction with genetic studies indicating a contribution for HRR to cell radiosensitivity to killing (see Introduction). Combination of these observations to those presented here leads us to propose that HRR either handles a very small subset of highly lethal DNA DSBs, or, more likely, is recruited after the initial stage of rejoining. A recruitment of HRR after the initial stage of rejoining is also supported by a recent study in which caeine radiosensitization and DNA DSB rejoining were investigated in wild-type cells and cells de®cient in HR (Asaad et al., 2000) . This approach to the management of DNA DSB is schematically illustrated in the hypothetical model shown in Figure 5 . In vertebrate cells, the closure of the initial DNA DSB is carried out by DNA-PK-dependent or independent NHEJ (D-NHEJ and B-NHEJ, respectively, see below) to generate a hypothetical transitional state of the original lesion designated T*, marked as such by, as of Figure 5 A hypothetical model for the management of DNA DSBs in cells of higher eukaryotes. The model assumes that in vertebrate cells, the closure of the initial DNA DSB is carried out by DNA-PK-dependent (D-NHEJ) or independent (B-NHEJ) NHEJ to generate a hypothetical transitional state of the original lesion designated T*, and marked as such by, as of yet, unidenti®ed proteins. T* is then recognized by the HRR system which is recruited on T* with the purpose of restoring the sequence around the original break. This two-step approach in the repair of DNA DSB in cells of higher eukaryotes is contrasted with the nearly exclusive use of HRR for the removal of DNA DSBs in yeast yet, unidenti®ed proteins. T* is recognized by the HRR system which is recruited on T* with the purpose of restoring the sequence around the original break ± a task that cannot be reliably accomplished by NHEJ. This step may apply to all or just a few T* lesions depending upon the importance of the sequence surrounding the lesion (coding versus repeat sequence), and may be executed preferentially in speci®c phases of the cell cycle (e.g. S or G2). There is evidence that this latter step is inhibited by caeine (Asaad et al., 2000) .
In contrast to higher eukaryotes, yeast remove from their genome practically all DNA DSBs by HRR ( Figure 5) . By introducing NHEJ, cells of higher eukaryotes rapidly restore integrity in their large genome, relying on HRR only to restore critical DNA sequences at a later time. This controlled approach to HRR may reduce illegitimate recombination events that could be initiated by repeat sequences (Bennett et al., 1996) and may explain the suppression observed in the utilization of HRR for the initial rejoining event (see below).
Hard-wiring' in the utilization of HRR and NHEJ in eukaryotic cells
It appears surprising that vertebrate cells restrict themselves to NHEJ for the removal of IR-induced DNA DSBs from their genome, particularly when considering that they maintain active and ecient mechanisms for HR (see Introduction and later in this section). It is even more surprising that HRR is not recruited as a back-up mechanism when DNA-PKdependent NHEJ (D-NHEJ) is compromised, but instead a more basic, slow, DNA-PK-independent and error prone NHEJ (basic NHEJ, B-NHEJ) process is used. Thus, although mammalian cells can freely shift between fast (D-NHEJ) and slow (B-NHEJ) forms of NHEJ, they appear genetically, or otherwise, constrained from shifting to HRR. This is equivalent to a genetic programming or a`hard-wiring' towards the use of NHEJ for the removal of DNA DSBs from their genome.
Interestingly, such a genetic programming or`hardwiring' towards a repair process is not unique to vertebrate cells and can also be documented in yeast, albeit in favor of HRR (see also Figure 5 ). Yeast utilizes almost exclusively HRR for the removal of IRinduced DSB from the genome (Game, 1993; Ho, 1975; Petes et al., 1991; Resnick, 1976) , despite the presence of an active NHEJ apparatus that can eciently operate on extrachromosomal DNA (Boulton and Jackson, 1996a,b; Siede et al., 1996) . Here again the alternative pathway, NHEJ, is not recruited as a backup when the main pathway is compromised, and as a result RAD52 mutants are unable to repair DNA DSBs and die from the induction of 1 ± 2 DSBs/cell. Since the chemical nature of IR-induced DNA DSBs is not expected to be dierent between yeast and cells of vertebrates, we postulate that the dierences in the selection of the repair pathway derive from fundamental genetic dierences between these groups of organisms. By allowing only one pathway to dominate at any given time, cells prevent undue competition between pathways that might have undermined genomic stability.
The reasons for this`hard-wiring' are not presently understood. It is possible that down-regulation of HRR in vertebrate cells aims at reducing the occurrence of illegitimate recombination events supported by repeated sequences in the presence of DSBs (Bennett et al., 1996 (Bennett et al., , 1997 . To counteract associated defects on DNA DSB repair, DNA-PKcs, an enzyme not present in yeast, may have evolved in vertebrate cells to accelerate NHEJ. By stimulating the function of an existing NHEJ apparatus, DNA-PKcs may have allowed higher eukaryotes to shift eectively and parsimoniously the task of DNA DSB rejoining from homologous recombination to NHEJ.
HRR-dependent repair of site-specific, RE-induced DNA DSBs in repeated genomic sequences It is notable that studies on the repair of a site-speci®c, I-SceI induced, DNA DSB in repeated sequences in the genome of vertebrate cells indicate an approximately equal involvement of HRR and NHEJ (Choulika et al., 1995; Liang et al., 1998; Rouet et al., 1994; Sargent et al., 1997; Taghian and Nickolo, 1997) . It is also particularly relevant that this form of DNA DSB repair is signi®cantly impaired by mutations in genes implicated in HRR such as XRCC2 , XRCC3 (Pierce et al., 1999) , or RAD54 (Dronkert et al., 2000) . These results con®rm the active status of the HRR apparatus in vertebrate cells, its reliance on the RAD52 epistasis group of genes, and indicate a potential involvement of HRR in DNA DSB repair.
It is possible to reconcile these results with those presented here by considering the dierences in the nature of the lesion induced by IR and RE, the sequence context around the lesion and the model presented in Figure 5 . First, in contrast to the random induction by IR of DSBs throughout the genome, RE will induce DSBs at speci®c sites in the genome and will require accessibility of the site by the endonuclease, which may vary throughout the cell cycle. In addition, IR-induced DNA DSBs typically carry 3' phosphate or phosphoglycolate groups at their ends and are therefore not directly ligatable (Bases et al., 1986 (Bases et al., , 1990 Henner et al., 1983) . RE-induced DSBs, on the other hand, are directly ligatable. It is possible that these dierences contribute to the selection of the repair pathway to be recruited. Evidence that this might be the case is provided by experiments in yeast where IRinduced DSBs are practically only handled by HRR, whereas RE-induced DSBs can also be removed by NHEJ (Lewis et al., 1998 (Lewis et al., , 1999 .
Second, it is possible that the speci®c sequence context and the presence of repeated sequences in close proximity to the DSB favor HRR. In the case of randomly induced DNA DSBs it is relatively unlikely that a break will occur within exactly repeated sequences, which may reduce the probability for HRR events. Finally, in experiments evaluating sitespeci®c, RE-induced DNA DSBs repair the endpoint is the functional restoration of an active gene, rather than the rejoining of the initial break. The process by which this restoration occurs may be complex and may actually involve NHEJ in its early stages according to the model outlined in Figure 5 . More work will be required before the dierences between the two assays can be understood. However, clari®cation of these dierences will be particularly helpful to our understanding of DNA DSB repair in eukaryotic cells.
Rejoining of DNA DSBs throughout the cell cycle
In DT40 cells, de®ciency in RAD54 is associated with a loss of the S phase dependent radioresistance to killing . Similar results have been reported with mutants of the RAD51 homologues XRCC2 (Cheong et al., 1994; Thompson and Schild, 1999) . It has been, therefore, proposed that HRR in cells of vertebrates utilizes sister chromatids and contributes to DNA repair and cell radiosensitivity to killing predominantly in the later part of the cell cycle, particularly in the S and G2 phases (Thacker, 1999; Thompson and Schild, 1999) . One could therefore argue that the above reported apparent lack of HRR involvement in the rejoining of IR-induced DNA DSBs re¯ects the fact that cells were not in the appropriate phase of the cell cycle. While conclusive evaluation of this possibility will require experiments with S phase cells, which may be hampered by assay complications (Iliakis et al., 1991a,b) , consideration of the cell cycle distribution in exponentially growing DT40 cells allows a preliminary evaluation. Exponentially growing populations of DT40 cells, both wild-type and mutants, consist of over 80% of S and G2 phase cells Takata et al., 1998 Takata et al., , 2000 . Thus, the measured characteristics of DNA DSB rejoining re¯ect to a large degree the response of cells in these phases of the cell cycle. After irradiation and as a result of the mutant p53 status of these cells, a further accumulation in later stages of the cell cycle is expected. This is even more relevant for Rad51 de®cient cells, where more than 95% of the cell population is in S and G2 phase 12 h after incubation with tetracycline . The lack of signi®cant dierences in the kinetics of rejoining between the various mutants and wild-type DT40 cells suggests therefore that the contribution of HRR to DNA DSB rejoining remains limited even for cells in the S phase. The possibility that HRR contributes to DNA DSB rejoining only in a narrow window during S phase must be left open until studies with sharply synchronized cells become available.
Materials and methods

Cell Culture
Wild-type DT40 cells and mutants generated by targeted disruption of RAD51B (RAD51B ) , as well as a mutant carrying the human RAD51 transgene under the control of a repressible promoter and a targeted disruption of the endogenous RAD51 (RAD51 7 ) , were grown either in DMEM supplemented with 5% fetal bovine serum, 5% chicken serum, 0.2% of a tryptose phosphate broth solution (Gibco BRL), 2 mM Glutamine, 50 mM b-mercaptoethanol, penicillin and streptomycin; or in RPMI 1640 supplemented with 10% fetal bovine serum, 1% chicken serum, 10 mM b-mercaptoethanol, penicillin and streptomycin. Cells were grown at 378C in 95% air plus 5% CO 2 , and showed similar growth characteristics in either type of medium. Cultures were maintained in the exponential phase of growth and used for experiments after labeling with 0.1 mCi/ml 14 C-TdR plus 2.5 mM cold thymidine, at a density of approximately 2610 6 cells/ml.
Repair of DNA DSBs
Cells were centrifuged and resuspended in 3 ml fresh growth medium without radioactivity at a concentration of 6610 6 cells/ml, and caspase inhibitor III (Calbiochem) was added to a ®nal concentration of 100 mM from a 5 mM stock solution in DMSO (D'Mello et al., 1998) . When indicated, cells were incubated with 20 mM wortmannin (Sigma) for 1 h. Cells were incubated at 378C for 1 h, placed on ice for 15 min to cool down and irradiated on ice. After irradiation, an aliquot (0.25 ml) was taken and an additional 3 ml of 658C medium containing 100 mM caspase inhibitor III was added quickly to bring the temperature to 378C, and cells were aliquoted (0.5 ml) into duplicate 24-well plates, in parallel with similar cultures of non-irradiated controls and placed in an incubator at 378C. At various times thereafter alternate plates were removed from the incubator to quickly collect the content of one of the wells (control or irradiated) in a 1.5 ml Eppendorf tube. Cells were washed once in HEPES-containing growth medium prepared without serum and resuspended in 0.3 ml of 0.5% agarose (InCert agarose, FMC) prepared in the same medium. This cell suspension was pipetted into a 3 mm diameter glass tube and placed on ice to allow for solidi®cation. The solidi®ed cell-agarose suspension was extruded from the glass tube and cut into 365 mm cylindrical blocks to produce six agarose blocks which were lysed and treated with RNAase A as previously described (DiBiase et al., 2000; Iliakis et al., 1991a) . Cells from identically treated non-irradiated cultures were also processed at pre-de®ned times to determine the signal generated by nonirradiated cells (background). A similar protocol was also employed to determine induction of DNA DSBs except that in this case cells were embedded in agarose prior to irradiation on ice, and were lysed immediately thereafter.
Pulsed-field gel electrophoresis
Asymmetric ®eld inversion gel electrophoresis (AFIGE) was carried out in 0.5% Seakem agarose (FMC), cast in the presence of 0.5 mg/ml ethidium bromide, in 0.5X TBE as previously described (DiBiase et al., 2000; Iliakis et al., 1991a) . The agarose gels were quanti®ed to estimate DNA damage by means of a PhosphorImager (Molecular Dynamics). Gels were dried and exposed to radiation-sensitive screens for 48 ± 96 h. DNA DSBs were quantitated by calculating the FAR (fraction of activity released from the well into the lane) in irradiated and non-irradiated samples. The FAR measured in non-irradiated cells (background) was subtracted from the results shown with irradiated cells. Gel images were obtained either by photographing ethidium bromide-stained gels under UV light, or from the PhosphorImager.
Repair kinetics data were ®tted assuming two exponential components of rejoining according to the equation FAR= Ae 7bt +Ce 7dt (DiBiase et al., 2000) . The ®rst term in the equation was ®tted to the fast, and the second to the slow component of rejoining. Fitting was achieved using the nonlinear regression analysis routines of a commercially available software package (SigmaPlot). Parameters A and C describe the amplitudes and parameters b and d the rate constants of the fast and the slow component of rejoining, respectively. From these parameters the half-times for the rejoining of the fast and the slow component can be calculated as t 50,fast =ln2/ b, and t 50,slow =ln2/d, respectively. The fraction of DSB rejoined by fast kinetics can be calculated as F fast =A/A+C and F slow =C/A+C. Although this ®tting greatly facilitates analysis and may contribute to the characterization of distinct biological processes, it is not required in order to derive the conclusions drawn from the results presented.
Irradiation
Cells were irradiated using a Pantak X-ray machine operated at 310 kV, 10 mA with a 2 mm Al ®lter (eective photon energy about 90 kV), at a distance of 50 cm and a dose rate of 2.7 Gy/min. Dosimetry was performed with a Victoreen dosimeter that was used to calibrate an in-®eld ionization monitor.
Evaluation of Rad51 levels
The level of expression of hRAD51 in Rad51 7 DT40 cells was evaluated by Western blotting. Cells were collected, washed in PBS and resuspended in SDS lysis buer (125 mM Tris-HCl, 2% SDS, 10% glycerol, 0.1% bromophenolblue, 0.7 mM b-mercaptoethanol, and 1 mM PMSF) at 10 5 cells/ml. After sonication and boiling, 10 ml of sample was separated on a 10% SDS ± PAGE gel and transferred to a PVDF membrane. Proteins were detected using an enhanced chemiluminescense kit (ECL-PLUS, Amersham) according to the instructions of the manufacturer and visualized in thè STORM' (Molecular Dynamics). hRAD51 was detected with a polyclonal goat anti-human Rad51 antibody (Santa Cruz Biotechnology), and chicken Ku70 with a rabbit polyclonal serum.
